Abstract: Wastewater effluent from aquaculture ponds can affect aquatic ecosystems. To mitigate this problem, we designed 2 sets (southern and northern) of land-based and farm-scale sequential integrated multi-trophic aquaculture (IMTA) systems in order to reduce water pollution and to diversify and optimize aquaculture products in coastal southern Taiwan. In each system, the 1st pond cultivated milkfish as the main aquaculture product, the 2nd pond cultivated Portuguese oysters as the product to reduce suspended particles, and the 3rd pond cultivated the seaweed Gracilaria sp. as feed and to absorb nutrients. Photosynthetic bacteria (PSB) were added to the southern system in order to reduce nutrients. The objective of this study was to evaluate and compare performance parameters of the compartments and the overall IMTA systems preliminarily. Our results showed that the southern system with the addition of PSB had lower PO 4 −3 -P, slightly higher turbidity, and higher brown algal biomass than the northern system. In the southern system, PO 4 −3 -P and cyanobacteria levels were lowest at the end of the seaweed pond. In the northern system, NO 2 − -N and phytoplankton levels were lowest at the end of the seaweed pond. Turbidity was reduced in the oyster pond and further reduced in the Gracilaria pond in both systems. The high seaweed yield in the northern system indicated substantial nutrient absorption. Advantages and limitations in terms of water purification and aquaculture production of these IMTA systems are evaluated in the present paper.
Introduction
The global production of aquaculture products has increased over time following the increasing demands of aquatic products like fish, shellfish, seaweed, and seafood in general [1, 2] . However, the wastewater effluents of aquaculture facilities have also enhanced nutrient loads and turbidity both in the aquaculture facilities and in ambient waters [3] [4] [5] [6] . Effluents can cause dramatic changes in ecosystem structure and function outside aquaculture facilities. These changes include increasing phytoplankton biomass and production rates and changing bottom sediments and their benthic The two studied sets of IMTA systems were adjacent to each other and named the northern and southern systems. The northern system was stocked with 15,000 milkfish Chanos chanos in the 1st pond, 10,000 oysters Crassostrea angulata in the 2nd pond, and 12,000 kg of seaweed Gracilaria verrucosa (0.71 kg/m 2 ) in the 3rd pond. The 1st and 2nd ponds of the southern system had the same stocking densities as the northern system, but the 3rd pond of the southern system was stocked with 3000 kg of Gracilaria verrucosa (0.29 kg/m 2 ). Additionally, 1000 L/week of PSB (10 8 cells/L) were added to the fish pond of the southern system. At the start of the experiment, the stocked milkfish were 15.2 ± 3.2 cm and 22.13 ± 2.17 g (mean ± 1 SD; n = 30) in size for both systems, while oysters were 5.81 ± 1.02 cm (n = 30) wide. The white shrimp Litopenaeus vanamei population, pre-stocked in the first pond, was decimated by white spot virus syndrome before this experiment and only about 4000 shrimps were left for the stocking in each system. The experiment began on 20 August 2012 and ended on 5 November 2012, covering the major growing season of the cultivated organisms. The additional pellet feed used in this experiment was primarily herbaceous and was composed of 80% rice bran, 18.5% wheat middlings, and 1.5% calcium powder, and had only 14.3% crude protein. This feed did not contain protein from the ocean in order to reduce the demand of bycatch and small-size marine organisms for protein-feed production. The milkfish were fed twice: between 8 am and 12 pm, and between 13 PM and 17 PM. When the fish were 15-18 cm in length, the daily amount of feed was 8% of the weight of the milkfish. When the fish were 18-21 cm in length, the daily amount of feed was 7% of the fish weight. The two studied sets of IMTA systems were adjacent to each other and named the northern and southern systems. The northern system was stocked with 15,000 milkfish Chanos chanos in the 1st pond, 10,000 oysters Crassostrea angulata in the 2nd pond, and 12,000 kg of seaweed Gracilaria verrucosa (0.71 kg/m 2 ) in the 3rd pond. The 1st and 2nd ponds of the southern system had the same stocking densities as the northern system, but the 3rd pond of the southern system was stocked with 3000 kg of Gracilaria verrucosa (0.29 kg/m 2 ). Additionally, 1000 L/week of PSB (10 8 cells/L) were added to the fish pond of the southern system. At the start of the experiment, the stocked milkfish were 15.2 ± 3.2 cm and 22.13 ± 2.17 g (mean ± 1 SD; n = 30) in size for both systems, while oysters were 5.81 ± 1.02 cm (n = 30) wide. The white shrimp Litopenaeus vanamei population, pre-stocked in the first pond, was decimated by white spot virus syndrome before this experiment and only about 4000 shrimps were left for the stocking in each system. The experiment began on 20 August 2012 and ended on 5 November 2012, covering the major growing season of the cultivated organisms. The additional pellet feed used in this experiment was primarily herbaceous and was composed of 80% rice bran, 18.5% wheat middlings, and 1.5% calcium powder, and had only 14.3% crude protein. This feed did not contain protein from the ocean in order to reduce the demand of bycatch and small-size marine organisms for protein-feed production. The milkfish were fed twice: between 8 a.m. and 12 p.m., and between 13 p.m. and 17 p.m. When the fish were 15-18 cm in length, the daily amount of feed was 8% of the weight of the milkfish. When the fish were 18-21 cm in length, the daily amount of feed was 7% of the fish weight. Cultivated organisms were sampled on 20 August, 20 September, and 20 October, and again on 5 November. The length and weight of 30 milk fishes of each system were measured every month. At the end of the experiment, the milkfish, oysters, and seaweeds were harvested and their numbers and biomass were measured. The condition index of oysters was measured as the percentage of dry meat mass to dry shell weight.
Water Sampling
Water quality parameters were recorded once per week, which resulted in 8 readings during the entire experiment. The 4 sampling points were at the end of the milk fish pond (F), before the oyster pond (BO), behind the oyster and in front of the Gracilaria pond (AO), and at the end of the Gracilaria pond (G). The water sample at F represented the water quality of the fish pond, the differences in the water quality between BO and AO indicated the effectiveness of the oysters, and the differences between AO and G showed the effectiveness of Gracilaria verrucosa in reducing nutrients and suspended particles including phytoplankton. Field Phytoplankton was measured in situ with a submersible fluorescence probe (FluoroProbe TM , bbe-Moldaenke, Kiel, Germany). This device can differentiate between spectral groups of microalgae in situ on the basis of their relative fluorescence intensity of Chl a (Chlorophyll a) at 680 nm [44, 45] . The spectral fluorescence measured by this instrument is based on the selective excitation of the different accessory pigments in the photosystem II among algal taxonomic groups. It is applicable to aquaculture ponds when Chl a is <250 µg/L [46] . This fluorescence probe can separate among green algae (chlorophytes and euglenophytes; at 450 nm), brown algae (diatoms, chrysophytes, and dinoflagellates, or the heterokontophytes and pyrrhophytes of the dinoflagellates; at 525 nm), a phycoerythrin-containing (PE-rich) group (cryptophytes and red cyanobacteria; at 570 nm), and a blue-green group (cyanobacteria; at 590 and 610 nm) [44] .
Statistical Analysis
To compare the treatment effects on the specific water-quality variables between the 2 IMTA systems, we used paired t-test to analyze the difference between values at F and G sampling points among 8 samples. The higher the difference is, the better is the treatment effect. With paired t-test, we can test which IMTA set is better at treatment of certain variables.
To compare the water quality variables and algal measurements among the 4 sampling points in each IMTA system, repeated-measures ANOVA (analysis of variance) and pair-wise multiple comparisons were used to compare water variables and separate groups among the sampling points. In this case, water variables were the independent variables, and the sampling point was the within-subject variable [46] . The repeated-measures ANOVA compared data of 4 sampling points through 8 times of measurements in each IMTA set. In most cases, data violated the sphericity assumption, so the degrees of freedom were corrected using the Greenhouse-Geisser estimates of sphericity. The weight and length of the harvested fish were compared between the 2 IMTA systems using a t-test.
Results
The northern IMTA set treated turbidity better than the southern set (Paired t-test; Table 1 , Figure 2 ). The 2 IMTA sets had the same treatment effects on other water and phytoplankton variables. Salinity differed among the sampling points in both systems (repeated-measures ANOVA; Table 2 ). In both systems, salinity was higher in the BO, AO, and G group and lower at the F group based on the results of the pair-wise comparisons. The pH was lower in the F and higher in the BO, AO, and G group. DO and water temperature were the same within each IMTA set.
PO 4 −3 -P levels differed within the southern systems (Table 2 ). In the southern system, PO 4 −3 -P levels were highest in the F and BO group, second highest in the BO and AO group, and lowest at the G sampling point, indicating a reduction in the Gracilaria pond. NO 2 − -N levels did not differ within the southern system, but differed within the northern system. NO 2 − -N levels were highest in the F and AO group, followed by the BO and AO group, and then by the G group in the northern system, indicating a reduction of NO 2 − -N in the Gracilaria pond. NH 4 + -N levels did not differ within each IMTA set. BOD 5 levels only differed in the northern system, where the water sampled at F had higher BOD 5 than that of the others. Turbidity only differed within the northern system. The southern system had a higher turbidity than the northern system. Water sampled at F and BO had the highest turbidity, AO the 2nd, and G was the lowest group in the northern set. Most NO 3 − -N concentrations were below the detection level, and, therefore, not reported in this paper. Phytoplankton density as indicated by Chl a differed within both sets (Table 2, Figure 3 ). In the northern set, F and BO were in the highest phytoplankton group, BO and AO were in the 2nd group, and G represented the lowest group. In the southern set, F, BO, AO were in the higher group, and BO and G were in the lower group. Green algal density only differed within the northern set. F had a higher level of green algae, and BO, AO, and G had lower levels in the northern system. Cyanobacteria only differed within the southern set. F and AO were in the highest cyanobacteria group, BO and AO were in the 2nd group, and BO and G were in the lowest group in the southern system. The Brown and PE-rich Groups did not differ within each IMTA set. and G represented the lowest group. In the southern set, F, BO, AO were in the higher group, and BO and G were in the lower group. Green algal density only differed within the northern set. F had a higher level of green algae, and BO, AO, and G had lower levels in the northern system. Cyanobacteria only differed within the southern set. F and AO were in the highest cyanobacteria group, BO and AO were in the 2nd group, and BO and G were in the lowest group in the southern system. The Brown and PE-rich Groups did not differ within each IMTA set. The length and weight of the harvested fish in the northern system were higher than those in the southern system (t-test; t = 9.64, p < 0.001; t = 8.09, p < 0.001; Table 3 ). The feed conversion ratio was 1.96 and 2.13 for the northern and southern system, respectively. The survival rate of the oysters was 52.4% in the northern system and 47.6% in the southern system. In the northern system, the condition index of the oysters increased from 6.42% on September 20 to 10.51% at complete harvest on November 5. In the southern system, the condition index of the oysters increased from 8.60% on September 20 to 10.90% at harvest. The weight of the harvested Gracilaria verrucosa was 20,088 kg in the northern system (equivalent to 11,816 kg per 1000 m 2 ) and 1620 kg (equivalent to 953 kg per 1000 The length and weight of the harvested fish in the northern system were higher than those in the southern system (t-test; t = 9.64, p < 0.001; t = 8.09, p < 0.001; Table 3 ). The feed conversion ratio was 1.96 and 2.13 for the northern and southern system, respectively. The survival rate of the oysters was 52.4% in the northern system and 47.6% in the southern system. In the northern system, the condition index of the oysters increased from 6.42% on 20 September to 10.51% at complete harvest on 5 November. In the southern system, the condition index of the oysters increased from 8.60% on 20 September to 10.90% at harvest. The weight of the harvested Gracilaria verrucosa was 20,088 kg in the northern system (equivalent to 11,816 kg per 1000 m 2 ) and 1620 kg (equivalent to 953 kg per 1000 m 2 ) in the southern system. The amount of Gracilaria in the northern system increased by 67%, whereas it decreased by 46% in the southern system. 
Discussion
These 2 farm-scale IMTA systems demonstrated the effects of oysters Crassostrea angulata and seaweed Gracilaria verrucosa on various water quality variables. The oysters in the northern system reduced the turbidity. The seaweed reduced NO 2 − -N and phytoplankton in the northern system, and reduced PO 4 −3 -P, phytoplankton, and cyanobacteria in the southern system. Overall, the southern system with PSB had lower PO 4 −3 -P than the northern system. However, the addition of PSB may have resulted in higher turbidity in the southern system. In addition, milk fish grew larger and seaweed grew better in the northern than in the southern system. The water quality conditions were not harmful for the cultivated organisms.
Weather conditions, especially strong winds inducing turbulence, affected both IMTA systems. Strong winds occur frequently in the coastal regions of Taiwan [47, 48] . Winds can cause turbulence or mixing in shallow ponds, which can re-suspend particles and nutrients from the bottom of the ponds, thus mask the effects of the different treatments. Martínez-Porchas et al. [16] proposed to reduce water turbulence in polyculture ponds using bamboo sticks, which could be tested in future experiments.
Oysters reduced turbidity in the northern system, but not in the southern system. The effects of filtering shellfish on suspended solids and turbidity have been observed in laboratory-scale studies [49, 50] and in a larger tank study [51] . Reduced turbidity was probably caused by feeding on organic particles. Phytoplankton was not reduced through the oyster pond, probably because the suspension feeding of oysters could not even exploit the overproduction of phytoplankton, which was indicated by pseudofeces produced by oysters (personal observations by Y.-J.C.). The oysters in the southern system did not reduce the turbidity probably because the added PSB increased the turbidity beyond the suspension feeding capability of oysters.
The Gracilaria pond had multiple effects on both IMTA systems, where the northern system was stocked with 3 times more Gracilaria than the southern system. In the northern system, the Gracilaria pond reduced NO 2 − -N, turbidity, and phytoplankton. Given less density and reduced populations of Gracilaria in the southern system, the Gracilaria pond had more effects on PO 4 −3 -P and phytoplankton.
With a higher seaweed stocking density, the functions of the Gracilaria pond in the northern system included absorbing nutrients and increasing sedimentation. Despite the fact that the reductions of PO 4 −3 -P and NH 4 + -N in the Gracilaria pond were not significant in the northern set, the growth of 12,088 kg of Gracilaria verrucosa is expected to provide a substantial assimilation of nutrients [52, 53] . The addition of PSB showed an effect on the overall PO 4 −3 -P in the southern set compared to the northern set, but no effects on N appeared here. Wang and He [54] , and Luo et al. [37] reported that PSB reduced dissolved inorganic nitrogen and PO 4 −3 -P in PSB-enriched ponds compared to control ponds.
However, McIntosh et al. [55] and Zhou et al. [56] reported a lack of effects on various nutrients when treated with PSB. In this experiment, the PSB concentration was quite low (222 CFU/mL) compared to other experiments (10 5 or 10 6 CFU/mL) [36, 37] . Our experimental IMTA systems may require higher PSB concentrations to test for their respective effects in the future. The lower salinity and pH at the fish pond originated from the properties and operation of the system. A reduced pH probably resulted from rice bran deposition in the fish pond. The lowest pH was within the range of tolerance of growth of milk fish, shrimp, and phytoplankton. The higher water surface to volume ratio and subsequent higher evaporation of ponds commonly increased the salinity content, particularly in the oyster and Gracilaria ponds. To the contrary, the lowest water surface to volume ratio in the fish pond provided a reduced evaporation rate.
Besides those aforementioned adjustments, our 2 IMTA systems may have been improved in the following ways. Firstly, the performance of extractive species in each compartment could be calculated when different densities were stocked for the optimization of each compartment. Secondly, alternatives of harvested species may be considered. For example, the clams Septifer bilocularis and Meretrix lusoria may replace Portuguese oysters as suspension feeders. However, their performance in this IMTA needs to be tested. Seaweed may not have a proper alternative for cultivation in this time period and in this region. For example, Ulva lactuca only grows from February through April, which is not suitable for cultivation in summer and fall. Thirdly, more replicated IMTAs may help improve our understanding of how environmental variations may affect performance of each compartment and the whole system. Space and financial constraints limited the number of replicated IMTA in this farm-scaled study. Many IMTA studies were at the tank or aquarium scale, which is much smaller in size and requires less resources. Under the current study design, we preliminarily tested the effects of each compartment on water quality and algal variables in each system using temporally repeated-measured data. In the future, more repeats through time can increase the robustness of our results.
Conclusions
This IMTA system study provided an initial understanding of the interactions and effectiveness in terms of water purification of each unit of harvested species in combination with the addition of PSB. This study showed reduction of turbidity, nutrients, and phytoplankton in variable degree. In the future, an increase of the Gracilaria verrucosa seedling density may be used to increase the absorption of nutrients in the 3rd pond of the IMTA system. Effects of diverse available clam species may be further tested. A detailed economic analysis of IMTA systems may provide the basis of feasibility and profitability for promoting integrated systems to aquaculture farmers.
